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A numerical method, in which the average bond energy is considered as a reference level for determin-
ing the valence-band ofFset (VBO) in strained-layer superlattices (SLS s), is suggested and tested by per-
forming ab initio electronic-structure calculations for the SLS's (InP)„/(InAs)„(001), (n =1,3,5),
(GaP) ]/(GaAs) i(001 ) (A1P) ]/(A1As) i(001 ) and (A1P),/(InP) &(001 ). Based on this method, the VBO's of
the SLS's composed of any two of the six compounds InP, InAs, GaP, GaAs, A1As, and A1P under arbi-
trary elastic strain are determined systematically, and their strain-induced efFects are discussed. Good
agreement is found between the present results and the available experimental data.
I. INTRODUCTION
With the development of heteroepitaxial deposition
techniques, high-quality strained-layer superlattices
(SLS's) can be grown from layers having a lattice
mismatch of up to 7—9% if the constituent slabs of the
strained materials are kept sufficiently thin (less than the
so-called critical thickness). Besides the efFects of the
properties of the constituent bulk materials and the slab
thickness, the electronic structures of these SLS's are also
affected significantly by the mismatch-induced elastic
strain. In fact, the macroscopic optoelectronic properties
of the sample can be modulated by changing the strain
conditions. The valence-band ofFset (VBO) is an impor-
tant parameter determining the physical properties of
SLS's. It is one of the starting points for designing de-
vices, and the basis of band engineering.
For lattice-matched superlattices, many theoretical
methods for the calculation of VBO's have been suggest-
ed so far. These methods can be classified into three
categories: (1) self-consistent interface calculation
methods, ' (2) the self-consistent dipole method, and (3)
reference-level methods. Many calculations have
been performed for the VBO at lattice-matched hetero-
junctions or superlattices by the three methods, and ex-
tensive results have been reported in the literature. In
contrast with this, theoretical results (especially ab initio
calculation results) on the VBO in SLS's are relatively
scarce. The majority of this work is based on pseudopo-
tential calculations, ' to the best of our knowledge, and a
full-potential linear augmented-plane-wave (FLAPW)
method for the InP-InAs system. ' All these studies are
based on a self-consistent interface calculation, which re-
quires considerable computational effort, and is usually
applicable only for a certain material. An important
theoretical work concerning the band lineups in SLS's is
the model-solid theory presented by Van de Walle, " in
which an absolute energy scale (average electrostatic po-
tential) is established for band-structure calculations, and
the deformation-potential theory is used to determine the
splitting and shift of valence and conduction bands due to
the strain.
Based on the concept of the average bonding and anti-
bonding energy presented in our previous work, ' we sug-
gest here an average-bond-energy (ABE) method for
determining the VBO of SLS's, in which the effects on the
VBO from the properties of the constituent bulk materi-
als, the interface interaction, lattice orientation, and elas-
tic strain are all included. This method takes the ABE as
an energy reference for determining the VBO in SLS's.
The ABE is related to Cardona and Christensen's dielec-
tric midgap level. In this method, the effects from inter-
face and strain are separated and a very clear picture is
provided for band engineering. In this paper, the method
is tested numerically by ab initio electronic-structure cal-
culations for the SLS's (InP)„/(InAs)„(001} (n =1,3, 5),
(GaP), /(GaAs), (001), (A1P)&/(A1As), (001}, and (A1P),/
(InP), (001). Using this method, the VBO's of the SLS's
composed of any two of the six compounds InP, InAs,
GaP, GaAs, A1As, and AlP under arbitrary strain are
determined systematically. The present results show
good agreement with available experimental data.
II. SELF-CONSISTENT ELECTRONIC-STRUCTURE
CALCULATIONS FOR STRAINED-LAYER
SUPERLAI IICES AND STRAINED BULK MATERIALS
A. The conSguration of the SLS unit cell
The lattice constants of InP, InAs, GaP, GaAs, A1As,
and A1P are 5.869, 6.058, 5.451, 5.653, 5.662, and 5.451
A, respectively (see Table I). The mismatches in the
SLS's InP-InAs, GaP-GaAs, A1P-A1As, and A1P-InP
which will be calculated self-consistently here are 3.2%,
3.6%, 3.8%, and 7.4%, respectively. When two materi-
als constitute a short-period SLS, each slab will be
strained to reach a unitary in-plane lattice constant (a~~ ).
The stress in each slab can be decomposed into hydro-
static pressure and uniaxial stress. According to elastic
mechanics, the equilibrium in-plane lattice constant of a
[001]-growth-axis SLS can be expressed as
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where f is the lattice mismatch, h „h2 are the thicknesses
of the two SLS slabs, C', , , C I2 and C», C &z are the com-
ponents of the elastic moduli of constituents 1 and 2, re-
spectively, and a&, az the equilibrium lattice constants of
the two bulk materials. By means of the least-elastic-
energy principle,
tions are scalar relativistic, namely, all relativistic effects
are contained except spin-orbit splitting effects. These
will be added a posteriori to the final VBO values. Experi-
mental spin-orbit splittings' were used where available,
and theoretical values for A1P. In doing these calcula-
tions, we neglected the interaction between spin-orbit
splitting and strain effects.
After having obtained the self-consistent band struc-
ture, the bonding energy Eb, antibonding energy E„and
ABE of the equilibrium and strained bulk materials are
determined by the following equations 5
( —,'o Co )=0,
Bag
(2)
where O. , C are the stress tensor and the elastic moduli,




Eb =—fEp, (E)dE = g g E„(k),8 8N „
=1 16E, —fEp, (E)dE = g g E„(k),8N „ (4)
a~=a, —2(a~~ —a, )C', 2/C'», (i =1,2) . (3) E =(Eb+E, )/2 .
Table I lists the lattice parameters and the elastic
moduli' of the compounds Inp, InAs, Gap, GaAs, A1As,
and A1P, and four SLS's.
B. Calculations of the band structure and average bond energy
In this paper, the linearized-mu5n-tin-orbitals method
within the atomic-sphere approximation is used to per-
form self-consistent electronic-structure calculations for
SLS's and strained bulk materials. The "empty spheres, "
which are added into the interstitial regions of the lattice
to reflect the behavior of valence electrons in these re-
gions, are considered to have the same volume as corre-
sponding atomic spheres. In the calculation of the secu-
lar matrix, the s,p orbitals of a11 atomic and empty
spheres are included, and the higher-energy and unoccu-
pied d orbitals are taken into account by the perturbation
"down-folding" approach. ' The unit cells of equilibrium
and strained bulk materials are considered as having the
same configuration as those of a (1+1 ) (001) SLS
[Dzd(p4m2) space-group symmetry]. In the calculations
for (3+3) and (5+5) SLS's, we neglect the lattice-
relaxation effect, since the SLS slabs in these cases are
still thin, and this effect is not the main subject to be
studied here. The calculated tota1 energy of each materi-
al is converged to smaller than 0.001 mly. The calcula-
Here, X is the number of unit cells, E„(k) the energy
eigenvalue of the nth band; n = 1 —8 are the eight highest
valence bands, which correspond to sp bonding states;
n =9—16 are the eight lowest conduction bands, which
correspond to sp antibonding states (see next section);
p„(E) and p, (E) are the total state densities of the eight
valence bands and the eight lowest conduction bands, re-
spectively. Because the unit cells of the bulk materials
considered in this paper are two times larger than those
of the corresponding zinc-blende structure, folding of the
Brillouin zone must be considered. As a result, the num-
ber of bands summed in Eq. (4) is twice that in the equa-
tion for the zinc-blende structure. ' We found from a
test calculation for zinc-blende GaAs and InAs that the
difference between the E —E„values obtained from a 2-
special-k-point and a 10-special-k-point calculation is
only about 0.01 eV. In this paper, we adopt three special
k points for Brillouin-zone summation.
As to the molecular layers in SLS's, the frozen-
potential approach' is used to determine their valence-
band rnaximurn E, and average bond energy E . In oth-
er words, we use the self-consistent potential parameters
of atomic spheres in SLS's as the input for the band-
structure calculation of corresponding strained bulk ma-
terials to determine their E„E values direct1y. In order
to show that it is reasonable to apply the frozen-potentia1
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approach to (1+1) SLS's, we have further performed
self-consistent calculations for (InP)3/(InAs)3(001) and
(InP)s/(InAs)s(001), respectively. The validity of this ap-
proach is discussed in the next section.
III. THE ABE METHOD AND ITS NUMERICAL TEST
In this paper, we try to use the ABE as a reference lev-
el for determining the VBO of SLS's, on the basis of an
investigation of ABE behavior at the interfaces. From
the point of view of the physical concept, the ABE
method can be considered as a generalization of Cardona
and Christensen's dielectric-midgap-level (ED ) method
in which the ED difference between the two sides of a
heterojunction (ED ED )—is considered to be screened by
the electronic polarizability to become (ED ED )/—F with
the effective dielectric constant 8=3.5 regardless of the
material. The difference between ED and E is that, in
the calculation of E, a summation over k space and a
summation of valence bands and conduction bands [see
Eq. (4)] are performed. The first summation makes E
become a local quantity in real space. The second sum-
mation of the eight valence bands makes Eb represent ac-
curately the sp bonding energy, and the summation of
the eight lowest conduction bands makes E, represent
approximately the sp antibonding energy. ' As a result,
the so-called average bond energy E is closely related to
the concept of average sp hybrid energy (Es ) presented
by Harrison and Tersoff. The difference is that Eh was
evaluated by making use of the s- and p-state eigenvalues
of the anion and cation atoms, while E in the present
work is calculated by an ab initio band-structure method
in which the hydridization of d orbitals, which is neglect-
ed in Ref. 4, is considered perturbatively. Our previous
work' showed that, for lattice-matched superlattices, the
ABE does align across the heterointerface due to inter-
face charge transfer and the resulting dipole potential.
The values of the valence-band offset of lattice-matched
superlattices evaluated by using E as a reference level
are in very good agreement with those given by more ela-
borate self-consistent interface calculations' and with
relevant experimental data. Because of the localization of
the ABE in real space, it can be expected that, under
strain, the alignment of the ABE across the heterointer-
face will be decided mainly by the interface interaction,
and affected little by the strain. Thus, the ABE can still
be a very effective reference level for determining the
VBO values of SLS's. This point of view is verified by the
following self-consistent interface calculations.
The self-consistent interface calculations are performed
for four SLS systems: (InP)„/(InAs)„(001), (n =1,3, 5),
(GaP), /(GaAs), (001), (A1P),/(A1As), (001), and
(A1P),/(InP), (001). The lattice mismatches are from
3.2% to 7.4%. The calculated results are listed in Table
II. Following, we discuss the behavior of the ABE at
heterointerfaces based on the data listed in Table II.
TABLE II. Calculated E„E&,E„E values (in eV) of bulk materials and molecular layers in SLS's.
The bg values listed in the last column are the excess charge in the two molecular layers of (1+1)
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In Table II, it appears that the ABE values of the un-
strained bulk materials of each pair are different, and this
difference increases with the mismatch of the pair (the
lattice mismatch between the four pairs is 3.2%, 3.6%,
3.8%, and 7.4lo, respectively, the E difference of these
pairs being 0.44, 0.50, 0.55, and 0.93 eV, respectively).
When these bulk materials are strained, the elastic strain
reduces the E difference between the two SLS constitu-
ents to 0.24, 0.17, 0.23, and 0.37 eV for the four pairs.
After the two constituents are joined in a (1+1) SLS,
charge rearrangement takes place (see the b,g row in
Table II). Electrons are transferred from the higher-E
molecular layer to the lower-E molecular layer and the
E values of the two molecular layers approach a unitary
value. (The differences are only 0.02, 0.03, 0.04, and 0.02
eV for the four SLS's. These quantities are about an order
of magnitude smaller than those between the strained
bulk materials. ) A fact that should be noticed is that the
relative shift between the E values of the two interface
molecular layers is approximately proportional to the
charge transfer between the two interface molecular lay-
ers. This indicates that the E shift is mainly due to the
dipole potential induced by the interface charge transfer.
On the other hand, the value of E E„(abbr—eviated to
E„hereafter) for each molecular layer remains almost
the same as those of the corresponding strained bulk ma-
terials. (The difference is &0.01 eV for the three SLS's.
A relative large value 0.09 is found for (A1P), /(InP) &(001)
whose lattice mismatch is very large, 7.4%.) This leads
us to the conclusion that the alignment of E across the
interface is determined by the interface interaction and
affected little by the strain, while the E„value is affected
obviously by the strain, but little by the interface interac-
tion. This can easily be understood by considering the in-
terface dipole shift of the potential. On the basis of these
two aspects of the results, one can make use of E to
separate the effects on the VBO from interface and strain,
and use the E as an ideal reference level for determining
the VBO of SLS A-B:
E ( A -8)= [E„(A)], —[E„(8)],.
Here, the subscript s represents strain.
In the above calculation for (1+1) SLS's, the frozen-
potential approximation has been adopted. This approxi-
mation is appropriate for bulklike molecular layers.
In order to investigate the application of this approxi-
mation to (1+1) SLS's, we have further performed
a self-consistent band-structure calculation for
(InP)3/(InAs)3(001) and (InP)5/(InAs)5(001), and the re-
sults are listed in Table III. From Table III, it appears
that, in the cases of (InP)3/(InAs)3(001) and
(InP)s/(InAs)5(001), the ABE approaches a unitary value.
The E differences across the interfaces are 0.02 and 0.03
eV for the (3+3) and (5+5) SLS's, respectively. The
alignment condition for E is almost the same as in
(1+1)SLS's. The E„and E values of the InP and InAs
molecular layers in (3+3) and (5+5) SLS's present only a
very small undulation with respect to those of the InP
and InAs molecular layers in (InP) &/(InAs)~(001), and the
E —E„values are almost the same in the three cases.
This indicates that the bulk characteristics of the two
SLS constituents are quickly recovered even in the (1+1)
SLS, owing to the common ion at the interface. This
conclusion is perfectly consistent with the results of
FLAPW calculations. ' The above results prove that
applying the frozen-potential approximation to (1+1)
common-ion SLS's to investigate the E, and E behavior
in each molecular layer is reasonable, and the numerical
test shows that the ABE method is reliable.
IV. DETERMINATION OF THK VBO
In the ABE method for determining the VBO of SLS's
suggested above, the effect on the VBO from the interface
is indicated by the alignment of E across the interface,
TABLE III. Calculated E„Eb, E„E values (in eV) of bulk material and molecular layers in
(InP)3/(InAs)3(001) and (InP)5/(InAs)5(001). The notation n-(InP) indicates the nth molecular layer in
the SLS.
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while the efFect of strain is reflected by the strain-induced
change in E„.Thus, these two factors are separated. As
a result, one can find conveniently the VBO of a SLS by
making use of Eq. (5), after having obtained the E„
values of the corresponding strained bulk materials by
self-consistent band-structure calculation, which will re-
quire a much smaller computational effort than self-
consistent superlattice band-structure calculation. In this
paper, for SLS's ( AB)~ /(CD)„(001), the effects of strain
on the bulk materials AB and CD are calculated under
three conditions: (1) m =n, and AB, CD deform freely.
This is the case in which no substrate is present. We
denote this case by AB/CD. (2) AB is strained to match
the lattice constant of CD (corresponding to n ).
This is the case in which a thin layer of AB is epitaxially
deposited on CD. We denote this case by AB/CD. (3)
CD is strained to match the lattice constant of AB (corre-
sponding to m~oo). This is the case in which a thin
layer of CD is epitaxially deposited on AB, and we denote
it by AB &CD.
The calculated results for five SLS's containing InP,
InAs, GaP, GaAs, and AlAs are listed in Table IV, to-
gether with other theoretical results and relevant experi-
mental data. The reason we choose these five SLS's to
study in detail is that there have be several reliable exper-
imental and theoretical data to compare with. The
comprehensive results of this paper are shown in Fig. 1.
For comparison with the model-solid (MS) theory
presented by Van de Walle in Ref. 11, we have performed
calculations for three SLS's adopting the theoretical
method and the data in Ref. 11. Here, the band structure
was given by the ab initio pseudopotential method within
the model-solid theory, and the effects of strain on the
band structure were determined from deformation-
potential theory rather than by direct self-consistent
band-structure calculation. The results are listed in the
MS column in Table IV. The sign of the data in Table IV
is stipulated as follows: if E„(AB) )E„(CD), then
Evao( AB CD) & 0.
In Table IV, the first thing to notice is that the VBO
values of the five SLS's change markedly under different
strain conditions. In particular, the VBO values of the
InP-GaP, InAs-GaAs, and InAs-A1As systems can have
the reverse sign under different strain conditions. There-
fore, the optoelectronic properties of these SLS materials
can be markedly modulated by changing strain.
In comparison with other theoretical work, for the
InPgInAs system, the present results are in good agree-
ment with those obtained from a FLAPW calculation,
based on self-consistent interface calculations and taking
TABLE IV. Theoretical and experimental values of the VBO of five compound SLS's {in eV). VBO is the value without spin-orbit
















































InAs~ GaAs 0.24 0.88 0.16
InAs/GaAs 0.14 0.24 —0.10




0.18 0.11 —0.02 +0.13
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FIG. 1. Variation of E„(including the s.o. correction) as a
function of a I~, for six compounds.
the strain effects directly into account in the band-
structure calculation. Our result for InP~InAs is some-
what larger (0.1 eV} than the FLAPW result, MS re-
sult, " and x-ray photoemission experimental data. ' For
InAs
~
GaAs, the present result is between those of the
dielectric-midgap-energy method6 and Martin s calcula
tion (strain effects were considered in all three schemes).
The data from the three schemes are remarkably larger
than the MS value and have the opposite sign. No exper-
imental data were found for comparison. Our result for
GaP~GaAs is very close to that given by ah initio pseudo-
potential calculation. The present results for
GaPXGaAs and InAs/AIAs are perfectly consistent with
the experimental data in Refs. 21 and 23. In Table IV the
data listed in the column headed "TB pinned"' are re-
sults determined by using the average sp hybrid energy
as a reference in the framework of the empirical tight-
binding method suggested for lattice-matched heterojunc-
tions in Ref. 4 (the method was also applied to some
lattice-mismatched systems, such as InAs-GaAs, Si-Ge,
etc.). The strain effects were not taken into account in
the results. It appears that, although the "TB pinned"
results are different from relevant experimental data and
have the opposite sign for InAs/GaAs and InAs/A1As
systems due to the neglect of elastic strain, they are very
close to the average of the present results for the three
strain conditions without the spin-orbit correction, ex-
cept for InAs-AlAs. So, for SLS's, results calculated in
this way can still represent the VBO values on average if
the spin-orbit interaction is neglected. Table IV shows
that the VBO values under the three strain conditions for
each SLS system obtained by the present method are in
the same quantitative sequence as the MS results, but,
our results are systematically larger than the MS results.
Our results are in good agreement with all available ex-
perimental data not only in sign but also in magnitude.
In the light of the ABE's alignment across interfaces of
SLS's, the present method only requires band-structure
calculations of strained bulk materials for determining
the VBO of SLS's. The effects on the VBO of the proper-
ties of the constituent bulk materials, the interface in-
teraction, the lattice orientation [we consider only the
(001) case in this paper], and the elastic strain are all tak-
en into account. Consequently, we can obtain almost the
same accurate results as given by self-consistent interface
calculations (as shown above), which require a much
greater computational effort, and hence are usually ap-
plied to a particular SLS under a particular strain condi-
tion. This enables us to determine systematically the
VBO of various SLS's under arbitrary strain conditions
and to analyze the strain-induced effects.
In order to investigate more comprehensively the
strain effect on the VBO values of the SLS's containing
these six compounds, we have calculated the E, values
under various strain conditions for each compound [using
a
~~
as the only independent variable, a~ being determined
by Eq. (3)]. The results are drawn in Fig. 1 (the spin-orbit
correction has been included}. For any given horizontal
coordinate (a~~ ), the difference between the vertical coor-
dinates of any two curves is the VBO value of the SLS
made from the corresponding two materials and having
this a~~ value. For GaP and A1P, only the a~~ & a part of
the E, (a~~~~) curves is drawn, and only the a~~ &a part is
drawn for InAs, because the equilibrium lattice constants
of GaP (A1P} and InAs are the least and largest, respec-
tively, among the six compounds. Figure 1 shows that
the shapes of all E„(a
~~
) curves are similar: when a
~~
& a,
the E, value decrease rapidly with decreasing a~~, when
a~~ & a, the E, value decreases slowly with increasing a~~.
E, reaches its maximum at the point a
~~
=a. One can
And from Fig. 1 the VBO value for the SLS made from
any two of the six compounds under any strain condition.
An interesting fact is that, for the InP-GaP, A1As-GaP,
GaAs-InAs, and A1As-InAs systems, the two E, curves
intersect between the two equilibrium lattice constants;
thus, the VBO value of each SLS system can reverse its
sign under different strain conditions. On the basis of the
data shown in Fig. 1, we can make the VBO value of a
SLS (AB) /(CD)„(001) positive, negative, or zero, or
equal to a certain designated value, by choosing properly
the m and n values [the corresponding a~~ and a~ are
determined by Eqs. (1) and (3)]. So these results provide a
very convenient method for band tailoring. E, can be
considered as a reference criterion for designing devices.
ACKNOWLEDGMENTS
This work was supported by the Natural Science Foun-
dation of Fujian Province and the National Natural Sci-
ence Foundation of China.
49 VALENCE-BAND OFFSETS AND BAND TAILORING IN ~ . . 10 501
C. G. Van de Walle and R. M. Martin, Phys. Rev. B 35, 8154
(1987).
N. E. Christensen, Phys. Rev. B 37, 4528 (1988).
W. R. L. Lambrecht and B. Segall, Phys. Rev. B 41, 2813
(1990).
4W. A. Harrison and J. Tersoff, J. Vac. Sci. Technol. B 4, 1068
(1986).
5J. Tersoff, J.Vac. Sci. Technol. B 4, 1066 (1986).
M. Cardona and N. E. Christensen, Phys. Rev. B 35, 6182
(1987).
~M. Oloumi and C. C. Matthai, J. Phys. C 3, 9981 (1991).
Robert G. Dandrea and Alex Zunger, Phys. Rev. B 43, 8962
(1991).
A. Continenza, S. Massidda, and A. J. Freeman, Phys. Rev. B
42, 3469 (1990).
A. Continenza, S. Massidda, and A. J. Freeman, Phys. Rev. B
41, 12 013 (1990).
"Chris G. Van de Walle, Phys. Rev. B 39, 1871 (1989).
R. Z. Wang and M. C. Huang, Acta Phys. Sin. 40, 1683 (1991).
' D. Bimberg et al. , in Numerical Data and Functional Rela-
tionships in Science and Technology, edited by O. Madelung,
Landolt-Bornstein, New Series, Group III, Vol. 17, Pt. a
(Springer-Verlag, Berlin, 1982).
W. R. L. Lambrecht and O. K. Andersen, Phys. Rev. B 34,
2439 (1986).
R. Z. Wang, S. H. Ke, and M. C. Huang, J. Phys. C 4, 8083
(1992).
N. E. Christensen, Phys. Rev. B 37, 4528 (1988).
J. R. Waldrop, R. W. Grant, and E. A. Kraut, Appl. Phys.
Lett. 54, 1878 (1989).
S. P. Kowalczyk, W. J. Schaffer, E. A. Kraut, and R. W.
Grant, J. Vac. Sci. Technol. 20, 705 (1982).
A. D. Katnani and G. Margaritondo, Phys. Rev. B 28, 1944
(1983).
M. Recio, G. Armelles, J. Melendea, and F. Briones, J. Appl.
Phys. 67, 2044 (1990).
P. L. Gouley and R. M. Biefeld, Appl. Phys. Lett. 45, 749
(1984).
M. E. Davis, G. Zeidenbergs, and R. L. Anderson, Phys.
Status Solidi, 34, 385 (1969).
J. Arriaga et al. , Phys. Rev. B 43, 2050 (1991).
